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Aim: Folic acid (FA)-decorated polyamidoamine dendrimer G4 (G4-FA) was synthesized 
and studied for targeted delivery of genes to head and neck cancer cells expressing 
high levels of folate receptors (FRs). Methods: Cellular uptake, targeting specificity, 
cytocompatibility and transfection efficiency were evaluated. Results: G4-FA competes 
with free FA for the same binding site. G4-FA facilitates the cellular uptake of DNA 
plasmids in a FR-dependent manner and selectively delivers plasmids to FR-high cells, 
leading to enhanced gene expression. Conclusion: G4-FA is a suitable vector to deliver 
genes selectively to head and neck cancer cells. The fundamental understandings of 
G4-FA as a vector and its encouraging transfection results for head and neck cancer 
cells provided support for its further testing in vivo.
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Head and neck squamous cell carcinoma 
(HNSCC) is the sixth most common can-
cer worldwide [1]. Although advances have 
been made in conventional therapy includ-
ing surgery, chemotherapy and radiation, 
their impact on improvement of 5-year 
mortality rate of patients with HNSCC is 
still minimal [2]. Increased understanding of 
molecular events involved in HNSCC initia-
tion and progression has led to the develop-
ment of gene therapy as a potential treat-
ment option [3–8]. To realize gene therapy of 
HNSCC, it is essential to utilize safe and effi-
cient vectors for delivery. Not much success 
has been reported for HNSCC gene therapy. 
Folate receptor alpha (FRα) is typically 
expressed at very low levels in normal tissues. 
In contrast, to meet the folate demand of rap-
idly dividing cells in many cancers including 
HNSCC, FRα is expressed at significantly 
elevated levels. Therefore, it can be targeted 
for developing active tumor-targeting thera-
pies [9–11]. Although FR-targeted drug and 

gene delivery systems have been developed 
on the basis of dendrimers [12–17] and many 
other types of nanoparticle carriers [18–23], 
few nonviral vectors have been developed for 
HNSCC [24,25]. Given the scarcity of nonvi-
ral vectors for gene therapy of HNSCC and 
limited clinical outcomes, it is highly desir-
able to develop and evaluate vectors under 
the context of HNSCC.

In this work, we report on a study that uti-
lizes polyamidoamine (PAMAM) dendrimer 
for selective delivery of genes to HNSCC 
and provides in-depth understanding of how 
gene delivery and transfection in head and 
neck squamous cancer cells can be enhanced 
via FR-targeted PAMAM dendrimers. 
PAMAM dendrimers bearing amines at the 
surface are appealing vectors because they 
not only possess inherent functions for gene 
delivery [26,27] but offer controlled nanoscale 
building blocks for construction of defined 
delivery systems with multifunctional-
ity [28,29]. Although high generation polyca-
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tionic PAMAM dendrimers tend to be more efficient 
in gene delivery, their generation-dependent toxicity 
is more prominent and surface functionalization is 
needed to maintain cytocompatibility and buffering 
capacity. Furthermore, large-scale synthesis of func-
tionalized high generation dendrimers under good 
manufacturing practice conditions is technically chal-
lenging and potentially impedes their clinical applica-
tions [30–32]. For HNSCCs that are localized to the oral 
cavity and oropharyngeal region and that are relatively 
easily accessible, local delivery of therapeutic genes is a 
possibility, thus eliminating the need of PEGylation of 
dendrimers, a conventional way to extend circulation 
lifetime of nanoparticles following systemic delivery. 
Targeted therapy for localized cancers of HNSCC is 
preferred as it will spare healthy tissue and promote 
uptake by tumor cells. With the considerations dis-
cussed above, we chose low generation PAMAM den-
drimer G4 as the underlying carrier and functional-
ized with folic acid (FA), a natural ligand of FR. We 
thoroughly examined the fundamental aspects of the 
constructed G4-FA conjugates as a vector in connec-
tion to HNSCC, including synthesis and characteriza-
tion, mechanisms and kinetics of cellular uptake, and 
transfection efficiency.

Methods
Materials
Diaminobutane (DAB) core PAMAM dendrimer 
generation 4.0 (technical grade) was purchased 
from NanoSynthons (MI, USA). Dimethyl sulfox-
ide (DMSO), FA, TFA, formaldehyde solution (37 
wt.% in H

2
O), 1-ethyl-3-[3-dimethylaminopropyl] 

carbodiimide hydrochloride (EDC), N,N-diisopro-
pylethylamine, deuterium oxide (D

2
O; 99.9 atom% 

D), deuterated dimethyl sulfoxide (DMSO-d6), and 
fluorescein isothiocyanate (FITC) were purchased 
from Sigma-Aldrich (MO, USA). Acetonitrile (ACN), 
water (HPLC grade), Triton X-100, 4′,6-diamidino-
2-phenylindole (DAPI), sodium hydroxide, and 
phosphate-buffered saline (PBS) were purchased from 
Fisher Scientific (PA, USA). Ethidium bromide, Dul-
becco’s modified Eagle medium (DMEM), trypsin-
EDTA (0.25%), and penicillin-streptomycin (10,000 
U/ml) were purchased from Life Technologies (CA, 
USA). Label IT® plasmid delivery control Cy3® 
(referred to as Cy3 plasmid hereafter) was purchased 
from Mirus Bio (WI, USA). Vectashield mounting 
medium was purchased from Vector Laboratories 
(CA, USA). Polyvinylidene difluoride (PVDF) mem-
brane was purchased from Millipore (MA, USA). 
Western lightning Plus ECL was purchased from 
Perkin-Elmer (MA, USA). Cosmic calf serum (CS) 
and pMAX-GFP (pGFP) plasmid were purchased 

from Lonza (MD, USA). GFP and β-actin antibody 
were purchased from Santa Cruz Biotechnology (CA, 
USA). SnakeSkin dialysis tubing with 7,000 molecu-
lar weight cut-off (MWCO) and FRα antibody were 
purchased from Thermo Scientific (IL, USA). Goat 
anti-rabbit antibody conjugated to horseradish per-
oxidase and goat anti-mouse antibody conjugated to 
horseradish peroxidase were purchased from Bio-Rad 
(CA, USA). WST-1 cell proliferation reagent, prote-
ase inhibitor and phosphatase inhibitor cocktail tab-
lets were purchased from Roche Applied Science (NY, 
USA). Propidium iodide (PI) was purchased from 
BD Biosciences (CA, USA).

Synthesis
FA (18.6 mg, 42.2 μmol, MW = 441.4 g/mol) was 
allowed to react with EDC (113.3 mg, 590.9 μmol, 
MW = 191.71 g/mol) in a mixture of 12 ml of DMF 
and 4 ml of DMSO for 1 h. The organic reaction mix-
ture was added dropwise to 50 ml of DI water solu-
tion containing 100 mg (7. 03 μmol) of PAMAM 
dendrimer G4 (MW = 14215 g/mol). The reaction 
mixture was vigorously stirred for 2 days and then 
dialyzed against DI water using dialysis tubing with 
MWCO of 7 kDa for 2 days. The resultant G4-FA con-
jugates were obtained after lyophilization. To prepare 
FITC-labeled dendrimers, G4-FA and G4 (dissolved 
in PBS) were reacted with FITC dissolved in DMSO 
at the feed molar ratio of 1:5 in the dark for a day in 
the presence of N-diisopropylethylamine in an excess 
amount. After dialyis against DI water using dialysis 
tubing with MWCO of 7 kDa for 2 days, the resul-
tant FITC-labeled conjugates were lyophilized. The 
number of FA and FITC molecules coupled to each 
dendrimer was quantified by using by using Genesys 6 
spectrophotometer (Thermo Scientific).

High performance liquid chromatography
The reverse-phase high performance liquid chroma-
tography (RP-HPLC) system (Waters, MA, USA) con-
sisting of a system Waters 1515 isocratic HPLC pump, 
a model Waters 717plus autosampler and a model 
Waters 2487 dual λ absorbance detector was used in 
this work. An XTerra particle-based RP-HPLC col-
umn (length 150 mm, particle size 5 μm, RP18) was 
purchased from Waters (MA, USA). The mobile phase 
was H

2
O:ACN:TFA (750:250:0.38, v/v/v) at a flow 

rate of 1 ml/min [33].

Proton nuclear magnetic resonance (1H NMR) 
spectroscopy
1H NMR spectra were recorded on a Varian super-
conducting fourier-transform NMR spectrometer 
( Mercury-300).
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Polyplex preparation
Dendrimer/DNA plasmid polyplexes at various weight 
ratios (wt/wt) of dendrimer to plasmid were prepared 
by vortexing a mixture of dendrimer and DNA plasmid 
with defined amounts, both of which were predissolved 
in medium (filtered PBS for size and ζ-potential mea-
surements, DMEM for biological assays) for 10 s fol-
lowed by equilibration at room temperature for 30 min. 
The prepared polyplexes were used immediately.

Particle size & ζ-potential measurements
The particle size and ζ-potential of G4 dendrimer and 
its derivatives (0.5 mg/ml) and polyplexes on the basis 
of 10 μg/ml of pMAX-GFP plasmid in PBS (filtered 
through 20 nm filter) were measured at room tempera-
ture using a Malvern Zetasizer Nano ZS90 apparatus 
(Malvern Instruments, Worcestershire, UK).

Gel retardation assay
G4-FA/pMAX-GFP polyplexes formed at various 
weight ratios (wt/wt) of dendrimer to plasmid (0 μg/2 
μg, 0.4 μg/2 μg, 1 μg/2 μg, 2 μg/2 μg, 10 μg/2 μg, 20 
μg/2 μg, and 40 μg/2 μg in 500 μl of DMEM) were 
prepared (Supplementary Table 1). The stability of the 
prepared polyplexes was examined on the basis of elec-
trophoretic mobility. In general, 20 μl of solution hav-
ing polyplexes was loaded into a 1% agarose gel con-
taining ethidium bromide (0.5 μg/ml) and subjected 
to electrophoresis at 100 V for 1 h. The DNA bands 
were visualized under a UV transilluminator (Alpha 
Innotech, ProteinSimple, CA, USA) [34].

Cell culture
Multiple cell lines were used in the studies includ-
ing HN4 cells and HN6 cells, derived from primary 
squamous cell carcinomas of the head and neck, 
HN12 cells derived from an HNSCC lymph node 
metastasis, T98, U87 and U1242 glioblastoma cells 
and NIH3T3 mouse fibroblasts as an FRα negative 
control. In general, cells were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM) supplemented 
with 10% Cosmic calf serum, 100 units/ml of peni-
cillin and 100 μg/ml of streptomycin at 37°C in 95% 
air/5% CO

2
 [35–39].

FRα expression quantification
FRα levels in HN4, HN6, HN12, T98, U87, U1242 
and NIH3T3 cells were quantified. Typically, cells 
were seeded in the six-well plates at a density of 
20,000 cells/well. When reaching 80% confluence, 
they were harvested using cell lysis buffer containing 
protease and phosphorylase inhibitors and RNA lysis 
buffer for western blot analysis and real-time PCR, 
respectively.

Cytocompatibility assessment
HN12 cells were seeded in a 96-well plate at a density 
of 10,000 cells/well and allowed to attach overnight. 
For polymer cytocompatibility assessment, the cells 
were incubated with G4 (0–1000 μg/ml) and G4-FA 
(0–1000 μg/ml) at 37°C for 48 h. For polyplex cyto-
compatibility assessment, the cells were incubated 
with G4/pGFP plasmid and G4-FA/pGFP plasmid 
polyplexes at 37°C for 48 h, followed by another 48-h 
culture in a medium supplemented with 10% Cos-
mic calf serum. At the end of each treatment, the cell 
viability was determined by WST-1 cell proliferation 
assay f ollowing the manufacturer’s protocol [40].

Cellular uptake kinetics of dendrimer carriers 
alone & plasmid complexed with dendrimers
HN12 cells were seeded in the 60-mm dishes at a 
density of 50,000 cells/dish. The cells were allowed 
to attach and grow overnight. Prior to treatment, the 
medium was removed, and the cells were washed with 
PBS once. The cells were then incubated with FITC-
G4 (5 μg predissolved in 300 μl of DMEM), FITC-
G4-FA (5 μg predissolved in 300 μl of DMEM), or 
Cy3-labeled plasmid complexed with dendrimers (5 μg 
of G4/1 μg of plasmid or 5 μg of G4-FA/1 μg of plas-
mid predissovled in 500 μl of DMEM), and the final 
volume was brought up to 3 ml with DMEM supple-
mented with 10% serum. The cells were maintained at 
37°C for various lengths of time (0, 1, 2, 6 and 24 h). 
Time point 0 h indicates that HN12 cells were sub-
jected to flow cytometry analysis immediately after 
dendrimers or dendrimer/plasmid polyplexes were 
added to the cells. The experiments were conducted 
on three independent occasions. At end of each treat-
ment, the cells were washed with PBS three-times, 
resuspended following trypsinization for 5–10 min, 
centrifuged, washed with PBS once and transferred to 
microcentrifuge tubes. The processed cells were sub-
jected to flow cytometry analysis by using a Guava 
EasyCyte mini flow cytometry system (Millipore, 
MA, USA) [32]. The mean fluorescence intensity values 
of FITC for quantification of dendrimer carriers and 
Cy3 for quantification of payload, that is, plasmid, in 
the cells were reported.

Cellular uptake of FITC-labeled dendrimer carriers 
and Cy3-labeled plasmid was also monitored by fluo-
rescence imaging. HN12 cells were seeded in 6-well 
plates at the density of 20,000 cells/well and allowed 
to attach overnight. The cells received the same treat-
ments as those in flow cytometry studies above. At 
the end of each treatment, HN12 cells were washed 
with PBS three-times, fixed with 4% formaldehyde at 
room temperature for 20 min, washed with PBS three-
times, permeated with 0.1% Triton X-100 for 5 min 
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Figure 1. Endogenous expression levels of folate receptor α as determined by western blot analysis conducted on four independent 
occasions (n = 4). A representative image is shown.  
FRα: Folate receptor α.
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and washed with PBS three-times. The cell nuclei 
were counterstained with DAPI for 5 min, and the 
cells were washed with PBS three-times. Fluorescence 
images were taken on a Zeiss Axiovert 200 inverted 
fluorescence microscope (Carl Zeiss Microimaging, 
NY, USA) [34].

Intracellular colocalization studies by confocal 
microscopy
Confocal microscopy was applied for further illus-
tration of intracellular distribution of FITC-G4-FA 
complexed with Cy3-plasmid. HN12 were seeded 
onto microscope glass coverslips (Fisher Scientific, 
PA, USA) positioned in 6-well plates at a density of 
20,000 cells/well and allowed to attach overnight. The 
spent medium was removed, and the cells were washed 
with PBS once. The HN12 cells were incubated with 
FITC-G4-FA/Cy3-plasmid polyplexes (5 μg/1 μg) 
predissolved in 500 μl of DMEM. The final volume 
was brought up to 3 ml with DMEM supplemented 
with 10% serum. After 24 h, the cells were processed 
for confocal fluorescence imaging following the pro-
tocol described above. Fluorescence images at a mag-
nification of 630× were collected on a Zeiss LSM 700 
confocal laser scanning microscope.

For comparison, intracellular distribution of tar-
geted dendrimer carrier alone, that is, FITC-G4-FA, 
was studied using another FR-high cell line, that is, 
T98. Briefly, T98 cells were seeded onto microscope 
glass coverslips positioned in 6-well plates at a density 
of 20,000 cells/well and allowed to attach overnight. 
The T98 cells were incubated with FITC-G4-FA at 
37°C for 24 h and processed for confocal imaging. In 
particular, the cells were fixed in cold methanol for 15 
min, air dried, washed with PBS, blocked in 1.5% nor-
mal goat serum for 1 h, incubated with monoclonal 
Rab5 antibody in the blocking buffer at 4°C overnight, 
washed with PBS, incubated with Dylight 594-conju-

gated antirabbit antibody for 1 h and washed with PBS 
again. T98 cell nuclei were counterstained with DAPI 
(blue) for 5 min, and the cells were washed with PBS 
three-times [40].

Effect of free FA on cellular uptake of 
dendrimers & dendrimer/plasmid polyplexes
HN12 cells were seeded in 60-mm dishes at a density 
of 50,000 cells/dish. The cells were allowed to attach 
and grow overnight. To examine how FA affects cel-
lular uptake kinetics of dendrimer carriers alone or 
complexed with plasmid in a short term, the cells 
were incubated with final concentrations of FITC-G4 
(10 μg/ml), FITC-G4-FA (10 μg/ml), FITC-G4/Cy3 
plasmid (5 μg/1 μg/3 ml), FITC-G4-FA/Cy3-plasmid 
(5 μg/1 μg/3 ml) in the absence or presence of free FA 
(0.5 mg/ml) at 37°C for 1 h or 2 h. The cells were then 
processed following the protocols described earlier and 
subjected to flow cytometry analysis and fluorescence 
imaging, respectively.

Competitive inhibition assay was conducted to fur-
ther confirm targeting specificity of FA conjugated 
to the dendrimer. Briefly, HN12 cells were seeded 
in 60-mm dishes at a density of 50,000 cells/dish. 
After overnight culture, they were incubated with 
FITC-G4-FA (10 μg/ml) in the presence of increasing 
concentrations of free FA up to 2 mg/ml for 2 h and 
 analyzed by using flow cytometry.

Tumor cell targeting assessment using a co-
culture model
An FR-high/FR-low co-culture model was used in 
this study. Briefly, equal numbers of yellow fluores-
cent protein (YFP)-expressing HN12 cells (HN12-
YFP) (10,000 cells/well) and U87 cells (10,000 cells/
well) were seeded in the 6-well plates and cultured 
overnight. The cells were incubated with G4/Cy3 
plasmid or G4-FA/Cy3 plasmid (5 μg/1 μg in 3 ml 
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Figure 2. Characterization of dendrimers and dendrimer/plasmid polyplexes. (A) The size and ζ-potential of G4 
dendrimer and its derivatives. (B) The cytocompatibility of G4 dendrimer and G4-FA in HN12 cells as determined 
by WST-1 assay. (C) The complexation stability of G4-FA/GFP plasmid at various weight ratios. (D) The ζ-potential 
of GFP plasmid and its polyplexes formed with dendrimers. Sample size (n) was in the range of 4–9 for the above 
experiments.
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of medium). Uptake of polyplexes by HN12-YFP and 
U87 cells was monitored by using fluorescence micros-
copy. Cy3-positive HN12 and U87 cells at 6 h post-
treatment on nine randomly selected fields on fluores-
cence images and normalized to the total cell number 
of  corresponding cell type in each treatment.

Transfection efficiency evaluation
HN12 cells were seeded at 20,000 cells/well in 6-well 
plates for fluorescence imaging and western blotting 
studies and at 50,000 cells/dish in 60-mm dishes for 
flow cytometry. After they were cultured overnight, 
the spent medium was removed, and the cells were 
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Figure 3. Cellular uptake and intracellular distribution of dendrimer carriers in HN12 cells. (A) Fluorescence 
images of cellular uptake of conjugates at selected time points. (B) Cellular uptake kinetics as determined by flow 
cytometry (Supplementary Figure 5). (C) Quantification of FITC-positive cell populations as determined by flow 
cytometry. (D) Colocalization of FITC-G4-FA with early endosomes (Rab5) observed in FR-high cell line (T98 cells) 
at 24 h.  
FR: Folate receptor.
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washed with PBS. The cells were incubated with 
G4-FA/pGFP(or pYFP) polyplexes or G4/pGFP(or 

pYFP) polyplexes (5 μg/1 μg in 3 ml DMEM sup-
plemented with 10% serum) at 37°C for 48 h. The 
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Figure 4. Effects of free folic acid on cellular uptake of dendrimer carriers in HN12 cells. (A) Fluorescence images following 
1-h incubation are presented. (B) Cellular uptake of FITC-G4-FA was determined by using flow cytometry and plotted upon 
Supplementary Figure 6. Fluorescence images following 1-h incubation are presented. (C) Competitive inhibition assay on FITC-G4-FA 
by flow cytometry and plotted in Supplementary Figure 7 (n = 6). 
*p < 0.05; **p < 0.01. 
FA: Folic acid.
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spent medium was replaced with fresh medium con-
taining 10% serum and cultured for another 48 h. 
Afterward, western blotting was applied for quanti-
fication of YFP expression levels following the pro-
cedure described previously [41]. Flow cytometry was 
applied to quantify GFP-expressing cell populations. 
Fluorescent images of the cells post-transfection were 

taken on a Zeiss Axiovert 200 inverted fluorescence 
microscope. All the experiments were repeated at least 
three-times.

Statistical analysis
In cellular uptake kinetics studies, curve fitting models 
were compared by running Akaike information crite-
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Figure 5. Cellular uptake and intracellular distribution of FITC-G4-FA/Cy3-plasmid polyplexes in HN12 cells. 
(A) Cellular uptake of FITC-G4-FA/Cy3-plasmid polyplexes in HN12 cells over a period of 24 h was monitored with 
fluorescence microscopy (200×). (B) Intracellular distribution of FITC-G4-FA/Cy3-plasmid polyplexes in HN12 cells at 
24-h incubation illustrated in the confocal images (630×).
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rion (AIC) test using GraphPad Prism 5 (CA, USA). 
Models with lower AIC values are more likely to be 
correct. All the data were expressed as means ± stan-
dard error of the mean. Student’s t-test was performed 
for comparison. A value of p < 0.05 was considered 
statistically significant.

Results
FRα expression levels
FRα expression levels were evaluated in selected head 
and neck cancer cell lines and glioblastoma cell lines. 
The NIH3T3 cells were used as an FRα-negative con-
trol. As shown in Figure 1, all three HNSCC (HN4, 
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Figure 6. Effects of free folic acid on cellular uptake of dendrimer/plasmid polyplexes in HN12 cells. (A) Cellular uptake 
kinetics of Cy3 plasmid mediated by G4 and G4-FA in HN12 cells as determined by flow cytometry and plotted upon 
Supplementary Figure 8. (B) Effect of FA on G4-mediated cellular uptake of Cy3 plasmid in the first 2 h by flow cytometry and plotted 
upon Supplementary Figure 9A. (C) Effect of FA on G4-FA-mediated cellular uptake of Cy3 plasmid in the first 2 h by flow cytometry 
and plotted in Supplementary Figure 9B.  
FA: Folic acid.
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HN6 and HN12 cells) and glioblastoma (T98 and 
U1242 cells) express relatively high levels of FRα. In 
contrast, FRα expression in U87 cells is low. This 
result was further confirmed by real-time PCR analy-
sis. The mRNA expression level of FRα in U87 cells 
was significantly lower than those in HN12 and T98 
cells (Supplementary Figure 1). HN12 cells were used 
in the later studies as a representative HNSCC cell 
line. And U87 cells were cultured with HN12 cells 
to establish an FR-high/FR-low co-culture model to 
assess tumor cell targeting of G4-FA.

Synthesis & characterization of dendrimer 
derivatives & polyplexes
G4-FA and FITC-labeled conjugates were success-
fully synthesized (Supplementary Figure 2) and fully 
characterized for assessment of purity and composi-
tions. The 1H NMR spectra confirmed the presence 
of the aromatic proton peaks of FA (8.5, 7.6, 6.7 ppm) 
and G4 (multiple methylene proton peaks between 
3.6 and 2.1 ppm) in the resulting G4-FA conjugates 
(Supplementary Figure 3). The HPLC chromatogram 
confirmed the purity of G4-FA and FITC-labeled 
conjugates after dialysis (Supplementary Figure 4). By 
calculating the area under the curve, the purity of 
G4-FA, FITC-G4-FA and FITC-G4 conjugates was 
about 97, 97 and 95%, respectively. UV-Visible spec-
troscopy analysis revealed that an average of 2.3 and 
2.2 FITC molecules were successfully conjugated onto 
each G4-FA conjugate and G4 dendrimer, respectively. 
The molecular weight of dendrimer and its derivatives 
are summarized in Supplementary Table 2.

DLS results showed the ζ-potential of G4-FA, 
FITC-G4-FA and FITC-G4 conjugates remained 

positive, an essential feature for polyplexation. Of 
note, the ζ-potential of G4-FA conjugates was not 
significantly different from that of G4 dendrimer; 
however, the ζ-potential of FITC-G4-FA conjugates 
was significantly lower than that of FITC-G4 conju-
gates (Figure 2A). The size of G4-FA, FITC-G4-FA 
and FITC-G4 conjugates significantly increased com-
pared with that of G4 dendrimer (Figure 2A), reflect-
ing the surface modification on the dendrimer. The 
ζ-potential of G4 after conjugation with FA and/or 
FITC reduced slightly but remained relatively high. 
Our study confirmed dose-dependent toxicity of both 
G4 dendrimer and G4-FA conjugates (Figure 2B). 
However, G4-FA has improved cytocompatibility. 
The half maximal inhibitory concentrations (IC

50
) of 

G4 dendrimer and G4-FA conjugates were 67 μg/ml 
(4.7 μM) and 159 μg/ml (10.1 μM), respectively. 
A weight ratio of 1:1 or higher is sufficient in sta-
bly complexing DNA plasmid (Figure 2C). G4-FA/
pGFP polyplexes become less negative with increasing 
weight ratio (Figure 2D).

Cellular uptake of G4-FA via FR-mediated 
endocytosis
The cellular uptake efficiency of nanoparticles 
directly affects therapeutic effects [42]. We studied 
the cellular uptake of FITC-labeled G4 dendrimer 
and G4-FA conjugates in FR-high HN12 cells. Fluo-
rescence images showed, both FITC-G4-FA and 
FITC-G4 conjugates were time-dependently taken 
up by HN12 cells (Figure 3A). Notably, stronger 
FITC fluorescence was observed in the cells treated 
with FITC-G4 conjugates likely due to their higher 
positive ζ-potential (Figure 2A). We quantified the 
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Figure 7. G4-FA promotes preferential cellular uptake of plasmid in folate receptor-high cells. (A) Cellular uptake 
of polyplexes in an HN12-YFP/U87 (FR-high/FR-low) co-culture model monitored by using fluorescence microscopy. 
Blue, DAPI; yellow, HN12-YFP cells; and red, Cy3-plasmid. (B) Relative percentages of HN12-YFP and U87 cells 
presenting Cy3 plasmid in the co-culture model following 6-h incubation with G4-FA/Cy3 plasmid and G4/Cy3 
plasmid polyplexes.  
DAPI: 4′,6-diamidino-2-phenylindole; FR: Folate receptor.
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cellular uptake kinetics of FITC-G4 and FITC-
G4-FA conjugates in HN12 cells by using flow 
cytometry analysis (Supplementary Figure 5 and 
plotted in Figure 3B). The cellular uptake of FITC 
reached a plateau within 24 h in the cells treated with 
FITC-G4-FA conjugates. HN12 cells kept taking up 
FITC-G4 conjugates within 24 h. Over 90% cells 
were FITC-positive following both FITC-G4 and 
FITC-G4-FA conjugates treatment (Figure 3C). It is 
known that polycationic dendrimers, for example, 
G4, enters early endosomes and is then routed toward 
the late endosomes and lysosomes [43,44]. Similarly, 
FITC-G4-FA conjugates were localized in endo-
some (stained with Rab5) as illustrated in another 
FRα-high T98 cells (Figure 3D).

Cellular uptake of FITC-G4 was not influ-
enced by free FA at the concentration of 0.5 mg/
ml as illustrated by fluorescence imaging 
(Fig ure 4A & Suppl ementary Figure 6A). In contrast, 
uptake of FITC-G4-FA was significantly reduced by 
the addition of free FA (Figure 4B & Supplementary  

Figure 6B). More pronounced uptake inhibition of 
FITC-G4-FA was observed when FA concentration 
was increased to 1 and 2 mg/ml (Supplementary Figure 7 
and plotted in Figure 4C).

G4-FA mediates uptake of plasmids in an 
FR-dependent manner & shows high tumor 
selectivity
We have previously shown G4/Cy3 plasmid polyplexes 
were gradually internalized into 293T cells in 24 h [34]. 
In the current study, time lapse imaging and colocaliza-
tion results qualitatively show a time-dependent inter-
nalization of G4-FA/plasmid polyplexes (Figure 5A). 
Both dendrimer and plasmid were internalized by more 
than 90% of HN12 cells in at 24-h post-transfection, 
indicating 24-h is a proper incubation period for plas-
mid uptake. Confocal microscopy was applied to 
closely examine intracellular distribution of G4-FA and 
plasmid. It was clearly observed that polyplexes (yellow) 
had started the dissociation process to release individual 
vector (green) and plasmid (red) as shown in Figure 5B.

We further quantified the cellular uptake of G4-FA/
Cy3-plasmid and G4/Cy3-plasmid polyplexes by 
using flow cytometry. The cellular uptake of Cy3-plas-
mid mediated with G4-FA took place at a lower rate 
(Supplementary Figure 8 and plotted in Figure 6A). The 
uptake inhibition of G4/Cy3-plasmid polyplexes and 
G4-FA/plasmid polyplexes by free FA was observed 
(Supplementary Figure 9 and plotted in Figure 6B & C).

The fluorescence images obtained in the HN12-YFP/
U87 (FR-high/FR-low) co-culture model study quali-
tatively illustrate that G4-FA promoted preferential 
plasmid uptake in FR-high cells, that is, HN12-YFP 

(Figure 7A). Cy3 plasmid was nonselectively taken up by 
both HN12-YFP and U87 cell populations following 
incubation with G4/Cy3 plasmid polyplexes. At 6 h, 
nearly 89% of U87 cells were positive in Cy3 channel 
(Figure 7B). In contrast, the percentage of Cy3-positive 
U87 cells reduced to 25% in the co-culture model fol-
lowing incubation with G4-FA/Cy3 plasmid. A longer 
incubation inevitably led to more plasmid uptake in 
both cell populations regardless of vector type as shown 
in the images taken at 24 h. However, it is notewor-
thy that the relative level of Cy3 positive dots in U87 
cells incubated with G4-FA polyplexes was significantly 
lower than in U87 incubated with G4 polyplexes. This 
study further validates that G4-FA is more selective 
than G4 in delivering plasmid to FR-high cells.

G4-FA shows high gene transfection efficiency
The in vitro gene transfection efficiency of G4-FA 
was evaluated using HN12 cells with GFP and YFP 
plasmid as reporters. To ascertain whether the use 
of the FA targeting moiety would result in improved 
gene transfection, G4-mediated gene transfection 
was evaluated for comparison. The HN12 cells, fol-
lowing various transfection treatments, are shown in 
Figure 8A. G4-FA is superior to nontargeting G4 in 
terms of overall amount of transgene expression and 
proportions of transfected cells according to west-
ern blotting (Figure 8B) and flow cytometry analysis 
(Figure 8C & Supplementary Figure 10). In particular, 
G4-FA resulted in 72% more protein expression and 
250% more GFP-positive HN12 cells when complexed 
with plasmid at the complexation ratio of 5:1. Com-
plexation ratio was found to affect transfection effi-
ciency of G4-FA. G4-FA seems to be able to transfect 
more HN12 cells and induce stronger GFP expression 
at low ratios, that is, 1:1 (14.9%) and 5:1 (22.6%) com-
pared with a high ratio of 20:1 (6.8%). Taken together, 
G4-FA displayed the highest efficiency in gene transfec-
tion of HN12 cells when it was complexed with plasmid 
at a weight ratio of 5:1. According to post-transfection 
cell viability assessment (Figure 8D), no toxicity effect 
was found for G4-FA when it was complexed with 
plasmid at weight ratios of 1:1 and 5:1. G4-FA showed 
 toxicity at the weight ratio of 20:1 in gene transfection.

Discussion
Generally, higher ζ-potential of nanoparticles can result 
in higher nonspecific cellular uptake [45,46]. Thus, the 
cellular uptake of FITC-G4 conjugates is expected to 
be slightly higher than that of FITC-G4-FA conjugates. 
This was confirmed by us in this work. Gel retardation 
assay and ζ-potential measurement results suggest that 
although G4-FA/pGFP polyplexes can be stably formed 
at a weight ratio of 1:1, the number of G4-FA conju-
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Figure 8. Enhanced gene transfection in HN12 cells by G4-FA. (A) Fluorescence images of HN12 cells receiving 
different treatments. (B) Quantification of YFP expression levels by using western blot analysis. (C) Quantification 
of GFP-expressing cell populations as determined by flow cytometry and plotted in Supplementary Figure 10. 
(D) Post-transfection cell viability assessment as determined by WST-1 assay.
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gates (molar ratio of 134:1) was not enough to shield 
the plasmid. At weight ratios of 5 and 20 (molar ratio of 
671 and 2683), the plasmid can be sufficiently shielded 
by G4-FA conjugates in complexation, nearly neutral-
izing the surface charge of polyplexes. In contrast, the 
ζ-potential of G4/pGFP polyplexes at a weight ratio of 
5 was determined to be 1 mV.

Cellular uptake studies revealed that the mean 
FITC intensity of the cells treated with FITC-G4 was 
higher than those treated with FITC-G4-FA, but the 
FITC-positive cell population was similar between two 
groups. These results indicate the cellular uptake of 
G4 is through nonspecific absorptive endocytosis and 
G4-FA enters cells via receptor-mediated endocytosis. 
The saturated receptors on the cell surface may limit 
cellular uptake of G4-FA, thus resulting in the plateau 
in the uptake kinetics curve. G4-FA is able to com-
pete with free FA for the same binding site. It appears 
to be more important to understand the intracellular 
trafficking pattern of DNA plasmids mediated with 
vectors. Therefore, we assessed the distribution of the 
polyplexes in HN12 cells at various time points post-
transfection using fluorescence microscopy. FITC-
labeled G4-FA conjugates and a Cy3-labeled plasmid 
were employed for in vitro trafficking of vector and 
plasmid, respectively. Further analysis of uptake of 
plasmid mediated with dendrimers confirmed that, 
suggesting G4-FA/Cy3-plasmid polyplexes enter 
cells likely following receptor-mediated endocytosis. 
Stronger uptake inhibition of G4-FA/Cy3-plasmid 
by free FA was noticed when compared with uptake 
of FITC-G4-FA alone. This was attributed to sig-
nificant reduction of nonspecific cellular uptake as a 
result of ζ-potential shift from positive to negative. 
This may also explain why free FA inhibits uptake of 
G4/Cy3-plasmid to a certain extent.

We established a co-culture model, which contained 
FR-high HN12 cells and FR-low U87 cells. To distin-
guish HN12 cells from U87 cells, we used HN12 cells 
expressing YFP (HN12-YFP) in the co-culture model. 
FR-dependent cellular uptake of G4-FA/plasmid poly-
plexes was confirmed. G4-FA delivers significantly 
more plasmids to FR-high cells.

Increasing vector to plasmid weight ratio does not 
necessarily augment gene transfection efficiency for 
G4-FA. As described previously, free FA works as a 
competitive ligand to inhibit uptake of G4-FA/Cy3-
plasmid polyplexes in HN12 cells. It is likely that 
increasing vector to plasmid ratio yields excess amount 
of G4-FA conjugates in the polyplexes, which, in turn, 
function as competitive ligands to bind FR, and sub-
sequently inhibit uptake of G4-FA/plasmid polyplexes 
in HN12 cells. In addition, higher complexation ratios 
tend to make unpacking of polyplexes slower and 

cause transfection to be less efficient. However, we also 
observed that G4 facilitates higher cellular uptake of 
plasmid but shows much lower transfection efficiency 
in HN12 cells. We attribute this to reduced cell activity 
and apoptosis induced by nonspecific absorptive endo-
cytosis of G4. It is known that dendrimers function as 
a proton sponge to facilitate the escape from endosomes 
and lysosomes. We found most Cy3-labeled plasmids 
and G4-FA were surrounding nuclei after 24-h trans-
fection, but they were still bound, indicating the disso-
ciation occurred slowly. Further experiments are needed 
to understand the intracellular dissociation kinetics of 
dendrimer and plasmid in the future, and a controlled 
release strategy may further enhance transfection 
 efficiency using G4-FA  conjugates to FRα-high cells.

Conclusion
In conclusion, FA-decorated PAMAM dendrimer gen-
eration 4 (i.e., G4-FA) shows improved cytocompat-
ibility and is able to form stable complexes with DNA 
plasmids at weight ratios of 1:1 and above. G4-FA com-
petes with free FA for the same binding site, that is, FR, 
on the surface of head and neck cancer cells, for exam-
ple, HN12 cells. G4-FA was also found to facilitate the 
cellular uptake of DNA plasmid in a FR-dependent 
manner. Transfection efficiency of G4-FA was much 
higher than that of G4. G4-FA seems most efficient 
in transfecting HN12 cells and maintains good cyto-
compatibility when it is complexed with plasmid at a 
weight ratio of 5:1. The fundamental understanding 
of G4-FA as a vector and the encouraging transfec-
tion results gained in this work provided support for its 
 further testing in vivo.
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Executive summary

•	 Not much success has been reported for head and neck squamous cell carcinoma (HNSCC) gene therapy. Given 
the scarcity of nonviral vectors for gene therapy of HNSCC and limited clinical outcomes, it is highly desirable 
to develop and evaluate vectors under the context of HNSCC.

•	 G4-FA and FITC-labeled G4-FA (FITC-G4-FA) conjugates were synthesized on the basis of polyamidoamine 
dendrimer G4 and characterized in terms of particle size, ζ-potential, cytotoxicity, and complexation with 
plasmid.

•	 G4-FA conjugates and G4-FA/plasmid polyplexes were taken up by FR-high HN12 cells via an FRα-mediated 
endocytosis, while at a rate slower than nonspecific absorptive endocytosis of G4 and G4/plasmid polyplexes.

•	 In a co-culture model of HN12-YFP/U87 (FR-high/FR-low), G4-FA/plasmid polyplexes were preferentially taken 
up by FRα-high cells than FRα-low cells.

•	 FA-decoration of polyamidoamine dendrimer enhanced transfection efficiency by maintaining good 
cytocompatibility and increasing transgene expression level and transfected cell population.

•	 This work concludes that G4-FA is a suitable vector to deliver genes selectively to head and neck cancer cells.
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